The integral of the kinetic electrostatic surface wave dispersion relation is asymptotically evaluated to determine the frequencies of the normal modes and the corresponding Landau damping for the high frequency surface electron plasma wave and the low frequency surface ion acoustic wave. The asymptotically calculated Landau damping rates apply to the limiting cases of k x e << 1 and k x e >> 1 where k x is the wavenumber and e is the electron Debye length. We also calculate Landau damping rate of the transverse magnetic (TM) mode surface wave.
INTRODUCTION
In contrast to Landau damping accompanying bulk plasma waves which can be immediately evaluated in terms of the well-documented plasma dispersion function, Landau damping in surface plasma waves is obtained only after carrying out the integral of the surface wave dispersion relation which requires basically numerical computation. Analytic results can be obtained only after resorting to some approximation to deal with the integral which involves complex algebraic structure and Maxwellian distribution function contained in the plasma dielectric function ( L ). This is seen from the dispersion relation integral
Equation (1) is the well-known electrostatic surface wave dispersion relation integral [1] [2] [3] which applies to a semiinfinite Vlasov-Poisson plasma separated from a vacuum by the interface z = 0 under the specular reflection boundary condition. In Eq. (1), we assumed that the Fourier variable, the wave vector, k = (k x , 0, k z ) , which replaces the spatial coordinate in Vlasov and Maxwell equations. Putting k y = 0 is not loss of generality. The geometry which is involved in surface wave has two directions: the perpendicular direction to the interface (the z -coordinate here) and the direction of the propagation of the surface wave which is taken to be the x -direction here. We wrote the first expression of Eq. (1) to show that the pole at the denominator is associated with the attenuation constant of the surface wave. Otherwise, the second equality is the object of our analysis.
In this work, it is shown that there are transformations which facilitate asymptotic evaluation of the integral with sufficient rigor in the respective parameter regions of *Address correspondence to this author at the 107-2201 Buyoung Apt., Donong-dong Namyangju-City, Kyunggi-do 472-709, Korea; Tel: +82-2-2220-1983; Fax: +82-2-2299-2028; E-mail: ychjlee@yahoo.com k x e << 1 and k x e >> 1 . With the transformations, we expect to obtain almost exact results in the aforementioned parameter regions, without expending labor of numerical work.
Here we consider two normal modes of surface wave: high frequency electron plasma surface wave and low frequency ion acoustic surface wave. The high frequency surface wave (as well as its corresponding bulk wave) is such that >> k v e while the low frequency ion acoustic surface wave as well as its corresponding bulk ion acoustic wave has frequencies such that k v i << << k v e ( v is the thermal velocity of species ). Using the expressions for L in the respective frequency ranges, given in standard texts, we integrate Eq. (1) to determine real frequency and the Landau damping in the following sections.
Landau damping rates of the surface waves are reported in the monographs written by Alexandrov et al. [1] and Sitenko [4] ; with very unsimilar results. The longitudinal dielectric function L contains electron term as well as ion term (see Eq. (3)). Alexandrov et al. [1] neglected the ion term while keeping the electron term. Sitenko [4] opted for the opposite choice. In this work, both terms are included, and the relative importance of the two terms is weighed. Correctness of this work is checked against these earlier results.
We also calculate in the last section Landau damping rate of TM mode surface wave (surface polariton) in two asymptotic regions ( pe / k << c and pe / k >> c ).
SURFACE ION ACOUSTIC WAVE
Let us first consider the surface ion acoustic wave. In the low frequency range, we have L = r + i i with [1, 5] 
Our general procedure toward obtaining the surface wave dispersion relation and the Landau damping is as follows. Assuming r >> i , we adopt a kind of perturbation approach: the zero order dispersion relation would be obtained by neglecting i in Eq. (1). The real frequency determined only by r would be used, if necessary, to simplify the integral. We put L = r (1 + i i / r ) where the second term is << 1 . Then the dispersion relation integral in Eq. (1) becomes
Approximate eigenfrequency is obtained from the real part,
which takes the form upon using Eq. (2) 
The quantity is the attenuation constant, giving the zdependence ~e z . Clearly, as is seen from Eq. (7), q( ) should be negative to have the ion acoustic surface wave supported. Also we need 1 + q < 0 :
Squaring Eq. (7) gives q 2 + q = 0 which is solved by
Here we consider two limiting cases of . 
Equation (10) is the well-known dispersion relation. The surface ion acoustic wave dispersion relation is of the same form as the bulk ion acoustic wave.
ii) >> 1 : In this case, we obtain q 1 2 ( 1 ± 2 ) .
Only the ( ) sign is acceptable and we have the solution
It should be noted that the surface ion acoustic wave does not asymptote to the line 2 = pi 2 , but approaches the line
We write for future reference
Next we calculate the imaginary part of Eq. (4):
Using the relation k
and Eq. (3), the above expression can be put into the form
We first deal with the ion term, and consider integral
We integrate Eq. (15) along the real k z -axis without resorting to contour integration. It is useful to make a change of variable via
Then, integral I i becomes
Equation (17) 
Here we have
. Thus
The 
The Landau damping rate is obtained from the formula
We calculate from Eq. (7):
Using the above relations in the formula (21) yields the Landau damping rate for << 1
In Eq. (22), the mass ratio term comes from the electron term in i . It is interesting to see that surface ion acoustic wave Landau damping in Eq. (22) is equal to the corresponding Landau damping of the bulk ion acoustic wave [5] . In section 5, we explain about the analytical reason why the two damping rates are the same.
ii) case of >> 1
In this case, we have k x , so I i in Eq. (17) reduces to
Integral J i can be obtained by integration by parts and after some algebra:
where F(x) is the error function:
The quantity x in Eq. (26), which is the ratio of the surface wave velocity to the ion thermal velocity, is assumed to be >> 1 from the beginning when we wrote Eq. (3). The limiting conditions x >> 1 and k x e >> 1 restricts the validity of the present analysis ( >> 1) to the regions
T e T i
>> k x e >> 1.
Using Eq. (25) in Eq. (23) gives
The error function F(x) has asymptotic expansion for x >> 1 [6] :
The above two equations give, using
Next we calculate the electron integral for this case of >> 1 . We redefine the symbol x :
which is the ratio of the surface wave velocity to the electron thermal velocity. The electron integral corresponding to Eq. which is of the same form as Eq. (25), but x is now << 1 and F(x) is represented by different asymptotic series:
Using the above two equations in Eq. (30), we obtain simple result with neglect of higher order terms
Using Eqs. (28) and (31) in Eq. (14) gives
To apply formula (21), we calculate , and the real part of the dispersion relation reads
The real frequency is obtained from D r = 0 . We seek the solution with the condition q < 0 , which insures that the quantity in the square root of Eq. (37) , and obtain in the region of k x e << 1 . One obtains
This frequency is obtained in Ref. [2] . See also Ref. [7] . Using Eq. (39) in Eq. (37) gives
Next we calculate the Landau damping corresponding to the mode (39). The imaginary part of the dispersion integral in Eq. (4) 
It is useful to make a change of variable via (44)
After integration by parts in Eq. (44), one obtains
(Eq. (25)).
Using the asymptotic series for the error function F(x) (x >> 1) , we obtain
Using Eqs. (45) and (46) in Eq. (44) yields
where the last term will be neglected. Then Eq. (41) gives
Landau damping rate will be obtained by the formula (21). Equation (38) gives 
TRANSVERSE MAGNETIC MODE SURFACE WAVE
The transverse magnetic (TM) mode surface wave is known as surface polariton in solid state physics and a wave of partly electromagnetic and partly electrostatic nature whose kinetic dispersion relation is [1] 
where the superscript ' r denotes the real part. Assuming
(the superscript ' i denotes the imaginary part), the imaginary part of the dispersion function is written
The real frequency of the wave is determined by D r = 0 . To carry out the integral in Eq. (53), we write .
Then Eq. (53) is contour-integrated to yield
Using Eq. (55) in Eq. (54) gives
The eigen frequency of the electromagnetic surface wave can be found by solving the equation D r = 0 . However the algebraic equation is unwieldy, and we consider the limiting case of k x e << 1 . In this case L T >> k x 2 , and the dispersion relation, Eq. (57), reduces to
We see that q should be negative for the above equation to be satisfied. Also the condition insures the quantities in the square root of T ,L be positive. When e 0 (cold plasma limit), Eq. (63) takes the form 
It is fortunate that Eq. (64) allows for exact solution by quadrature after squaring [8] :
It is interesting to note that Eq. (65) is identical in the structure with the surface ion acoustic wave dispersion relation 
Guided by the cold plasma solution, we shall consider the integrals in Eqs. (61) and (62) 
The integral above can be asymptotically evaluated to obtain the value x 2 e x 2 for the leading term, giving
Using Eqs. (67) and (73) problem of surface waves in semi-infinite plasma, including three wave surface wave interactions.
